Abstract: Generic InP foundry processes allow monolithic integration of active and passive elements into a common p-n doped layerstack. The passive loss can be greatly reduced by restricting the p-dopant to active regions. We report on a localized Zn-diffusion process based on MOVPE, which allows to reduce waveguide loss from 2 dB/cm to below 0.4 dB/cm. We confirm this value by fabrication of a 73 mm long spiral ring resonator, with a record quality factor of 1.2 million and an extinction ratio of 9.7 dB. Quant. Electron. 26, 977-986 (1994). 18. K. P. Yap, A. Delage, J. Lapointe, B. Lamontagne, J.H. Schmid, Philip Waldron, B.A. Syrett, and S. Janz, "Correlation of scattering loss, sidewall roughness and waveguide width in Silicon-on-Insulator (SOI) ridge waveguides,"
Introduction
The loss of passive waveguides is an important performance parameter of photonic integration platforms, especially for large scale photonic integrated circuits (PICs) [1, 2] and components as delay lines or resonators. The latter are relevant for demanding sensing applications as integrated optical gyroscopes, where waveguide loss limits the sensitivity [3] . Recent advances in InP fabrication technology allowed for ring resonators with a waveguide loss of 0.45 dB/cm [4] and a quality factor of one million, suitable for gyroscopes with sufficient sensitivity for tactical applications. However, monolithic integration of sources with passive circuitry typically increases the waveguide loss to a level which is unsuitable for the applications as described above. Therefore they are dependent on hybrid solutions, which limits their miniaturization.
The loss depends largely on the applied active-passive integration approach as e.g. quantumwell intermixing [5] , twin guide integration [6] or butt-joint integration [7] . The latter is the standard in most InP foundry platforms [8] and allows the selective growth of active and pas-sive sections. Therefore, it has the advantage that the cross-sections of the active and passive regions can be optimized independently. To keep the number of regrowth steps as small as possible, an identical doped waveguide structure is used for phase modulators and passive waveguides, which compromises their performance. A typical loss value for PICs fabricated with this method is 2 dB/cm to 3 dB/cm [9] .
This work studies the attainable propagation loss by restricting the dopant to the active regions. The dopant is introduced locally into the cladding of the wafer by diffusion of Zinc (Zn), which allows for a clear separation between the doping profiles in different waveguide sections. Up to now, various implementations of Zn-diffusion in InP have been reported: by polymer/glass spin-on films [10] , by sealed quartz [11] , by ampoule [12] and by MOVPE based diffusion [13] . In this work, we rely on the latter as it features a high repeatability, excellent wafer uniformity and sufficiently high doping concentrations to provide a linear current-voltage characteristic [14] .
The outline of this paper is as follows. We describe diffusion experiments and discuss their compatibility with current InP foundry integration schemes. Further, we propose waveguide test structures to quantify the waveguide loss in diffused and not-diffused regions. The first structure is an array of waveguides which is routed through diffused regions of increasing length. The measurements indicate that by localizing the dopant, a reduction in propagation loss from 2 dB/cm to 0.4 dB/cm is obtained. The low propagation loss is verified using a spiral ring resonator with an effective circumference of 73 mm and a multimode interference (MMI) device as coupling element. The ring shows a quality factor of 1.2 million, which is about 20% higher than the highest value reported so far in InP [4] .
Simulations
A simulation model was used to estimate the attainable waveguide loss based on a Zn-diffusion process, using the COBRA generic waveguides [8] depicted in Fig. 1 as an example.
We shall consider two contributions to the waveguide loss, being scattering and free carrier absorption. The p-doped absorption is modeled with a model to account for intervalence band absorption [15] , while n-type absorption is modeled by accounting for scattering introduced through electron-phonon and electron-ionized impurity interactions [16] . The waveguide sidewall scattering is estimated by using the approach of Payne and Lacey [17] , modified with a scaling factor to take into account the etch depth of the waveguides [18] . The predictions of the model are based on sidewall roughness and correlation length. We obtained these values from critical dimension-scanning electron microscope (CD-SEM) images of waveguide sidewalls, using the autocorrelation procedure as described in [19] . With this approach we found 3.5 nm Standard COBRA cross-sections used for phase modulators (EOPM) and passive waveguide fabrication. In the passive sections the 300 nm contact layer is removed to avoid bandgap absorption. roughness and a correlation length of 40 nm.
The models as described above, have been implemented into the 2D finite difference time domain (FDTD) mode simulator of Phoenix BV, to calculate the electric field profiles of the waveguides as presented in Fig. 1 . For simulation purposes the etch depth of the shallow waveguide is parameterized, according to the thickness of the guiding layer d c . The deep waveguides are assumed to be etched 400 nm below the core.
In order to study the different loss contributions, the waveguides are simulated both with and without the p-dopant in the top cladding. The simulated propagation loss is displayed in Table 1 . The result suggests that loss can be kept below 0.6 dB/cm for a wide range of guiding layer thicknesses. The difference in loss between deep and shallow waveguides is attributed to the difference in scattering loss, which is estimated approximately as 1 dB/cm and 0.1 dB/cm respectively. P-doped waveguides have a loss that is about one order of magnitude higher. Hence, the localization of the p-dopant to regions where electro-optical components are desired, can improve the waveguide performance greatly 3. Fabrication
Process flow
The diffusion process is designed to be integrated in existent standard foundry processes with minimal process adaptations. In Fig. 2 , we give an example how diffusion is integrated into the current COBRA process flow [8] , with just a few additional steps between epitaxy and waveguide fabrication.
The starting point is a layerstack with a non-intentionally doped (n.i. nm thick Si 3 N 4 -layer. Using a MOVPE reactor, a diffusion process introduces Zn locally into the cladding. The diffusion of Zn into InP will result in a p-doped region with a depth that is proportional to the square-root of the diffusion time. If the diffusion depth can be controlled sufficiently accurate, the novel process is fully compatible with the standard waveguide process as it is presently used.
Diffusion experiments
Diffusion experiments were carried out to calibrate the diffusion depth. The experiments were performed on samples without masking, to allow for characterization of the diffusion profile with standard methods as capacitance voltage (CV) and secondary ion mass spectroscopy (SIMS) measurements. For the experiment, n-doped 2" InP wafers are overgrown with 2 µm n.i.d InP and 300 nm n.i.d InGaAs to simulate the cladding of the final layerstack. A Zn pressure of 0.0123 mBar was chosen and a temperature of 500 • C, while the time was varied up to 110 min. The measured diffusion profiles for five different times are shown in Fig. 3(a) for CV. The corresponding SIMS results for three out of those five samples are shown in Fig. 3(b) .
Both figures show a drop in doping concentration, from approximately 1 × 10 19 cm −3 to 1 × 10 18 cm −3 , which coincides with the InGaAs/InP interface. The step height is related to the difference in solubility limit between InP and InGaAsP and agrees well with other experimental work based on MOVPE [13] . In InP the doping concentration is generally maintained above 5 × 10 17 cm −3 , until a second drop indicates the diffusion front. The SIMS measurements are qualitatively similar to the ones obtained from CV, which suggests that most of the diffused Zn is electrically active. Furthermore, the doping concentrations, as specified for the COBRA platform, are indicated as dashed lines in Fig. 3 (b) and show qualitatively good agreement with the diffusion profile.
The experiment has been repeated for a set of masked samples with 30 µm wide openings. The samples were cleaved to inspect the cross-section under the scanning electron microscope (SEM). A stain etch with K 4 FeCN 6 /KOH was performed to enhance material transitions. A typical SEM image is shown in Fig. 4 . The bright area which is about 1.63 µm deep, indicates a change in conductivity related to the diffused p-dopant. We found that the diffusion depth measured by SEM is in good agreement with the result of CV and SIMS. We further recognize a lateral diffusion, which penetrates under the hard-mask and stops approximately after 800 nm. This suggests that the lateral diffusions is about a factor 2 slower than in the vertical direction. The damage visible to the InGaAs contact layer is a result of the stain etch and not related to the diffusion process.
This experiment confirms, that the diffused doping profile can be optimized to meet the requirements of standard foundry processes.
Characterization
In order to verify the simulations, test structures as shown in Fig. 5 were fabricated based on waveguides as shown in Fig. 1 with a 600 nm thick Q(1.25) guiding layer. The p-dopant was introduced locally as described above, with a diffusion depth of 1.63 µm.
Zn-diffused waveguide array
The test structure shown in Fig. 5 (a) is based on shallow etched waveguides, routed through p-doped regions of different length L Di f . The average absorption coefficient of each waveguide can be written as the sum of the absorption coefficient in the n and p-doped regions, α n and α p , as :
where Λ = L Di f /L is the ratio between the length of the diffused region, L is the total waveguide length and α s the scattering loss. The loss of each individual waveguide is derived from the Fabry-Perot method, with [20] :
where γ is the ratio between maximum and minimum transmission and R is the power reflection coefficient. Consequently, we can measure the loss contributions independently with:
and
where the indices correspond to the n th waveguide of the array. According to above definitions, the method introduces an uncertainty for α(Λ = 0), since it relies on an estimate of the facet reflectivity. α p is derived however independently of the reflection coefficient. The experiment contains an array as displayed in Fig. 5 (a) with six shallow waveguides of 14.2 mm length. Five of the waveguides are routed through areas which were exposed to the diffusion process. The width of the diffusion areas is maintained constant at 30 µm, while the length is altered from 1.4 mm to 12.4 mm. The pitch between the diffusion areas is approximately 75 µm and the ratio Λ is varied from 0 to 0.85.
The loss is measured with a tunable laser, where the lasing wavelength has been altered from 1540 nm to 1550 nm with a step size of 0.1 pm. The transmission spectrum of each waveguide is recorded with a power meter and a peak detection algorithm is applied to find approximately 440 minima and maxima of the transmission spectrum. These values are used to calculate the uncertainty of each measurement. The reflection coefficient was calculated for both polarizations and estimated to be 0.34 for TE and 0.28 for TM respectively.
The result for TE is displayed in Fig. 6 (a) and fit to a linear equation, where according to Eqs. (3) and (4), the slope defines the p-dopant contribution and the value at Λ=0 is the ndopant contribution. Consequently, we find a propagation loss of 0.3 dB/cm ± 0.1 dB/cm and 2.0 dB/cm ± 0.1 dB/cm for not p-doped and p-doped waveguides respectively. A similar graph is shown in Fig. 6(b) for TM, with a propagation loss of 0.4 dB/cm ± 0.1 dB/cm and 2.2 dB/cm ± 0.1 dB/cm respectively. These results show excellent agreement with the simulated values listed in Table 1 for a 600 nm thick guiding layer. The slightly higher value measured for the p-doped waveguides can be explained by a 30 nm smaller distance between guiding layer and doping front.
Further measurements were performed on deep etched waveguides which did not contain p-dopant. Values of 1.4 dB/cm ± 0.2 dB/cm for TE and 2 dB/cm ± 0.2 dB/cm for TM are in good agreement with predictions.
Ring resonator
To verify the low loss of the not p-doped shallow waveguides we used a second test structure based on a all-pass ring resonator, which has been extensively described for various material platforms [21] [22] [23] . Recently this ring resonator has been applied for the measurement of optical loss [9] . In this work, we increase the measurement sensitivity by increasing the ring circumference from a few millimeter to several centimeter.
Ring resonator design
A ring resonator, as shown in Fig. 5(b) , consists of a circular optical waveguide cavity, which is accessed via a coupling element. Light that enters the cavity interferes constructively after one round trip L if the round trip phase φ = β L equals an integer multiple of 2π.
This results in a periodic transmission, with a free spectral range FSR = λ 2 /(n g L). Under the assumption that the back reflections of the coupling element can be neglected, the power transmission of the ring resonator can be written as:
where the bar coupling is described by the coefficient r, which in the ideal case is related to the cross coupling coefficient via r 2 + κ 2 = 1. The round trip transmission of the resonator is a 2 and includes coupling element α c and the ring waveguide e −(α s +α n )L :
The similarity of denominator and numerator suggests, that for an ideal structure with no insertion loss, i.e. a = 1, the transmission is always unity. For r = a, the transmission drops to zero, which is defined as critical coupling. The extinction ratio for the general case, follows directly for the conditions of cos(φ ) = 1 or cos(φ ) = −1 and can be written as:
For a fixed coupling geometry, the waveguide loss of the ring waveguide can be calculated using Eq. (7) or fitting the equation to measurements of rings with different circumference. Once the round trip transmission a 2 is obtained, the absorption coefficient can be derived from:
The ER is plotted in Fig. 7 (a) against the waveguide loss for a 5 cm ring with various coupling coefficients. The ER changes rapidly with a maximum sensitivity near the critical coupling point. When estimating the propagation loss, it is thus convenient to choose a set of rings which operate close to the critical coupling point. For the experimentally obtained waveguide loss of The uncertainty of the coupler transmission α c is independent of the round trip transmission and can be estimated by measuring two rings with a different circumference. The error introduced for a wrong estimate, compared to the reference α co is derived directly from Eq. (8) as:
Thus an error of 0.1 dB in the extinction ratio, leads to an uncertainty of 0.1 dB/cm in the propagation loss for a circumference of 1 cm. Furthermore, the deviation from the nominal coupling coefficient r 0 introduces an error in the estimated round trip transmission. Under the assumption that the ring is used near the critical coupling point, the error is approximated by calculating the shift in the critical coupling condition via:
The shift in critical coupling can be estimated in Fig. 7 (a) from the dashed curve, which implies a shift of 3% with respect to the nominal coupling coefficient of 0.85. With a length of 5 cm, the error is only a few 0.01 dB/cm. Alternatively the quality factor of the rings can be measured, which is defined as the resonance wavelength divided by the width of the resonance peak:
where ∆λ describes the Full-Width Half Maximum (FWHM) of the resonance and n g the waveguide group index. This quantity is a measure for the detection limit of a sensing systems and will be measured to back up the results obtained from the ER method. The dependence on Q for different values of the propagation loss is shown in Fig. 7(b) . For the example of 5 cm circumference, the ER is larger than 10 dB and the Q is approximately one million. 
Multimode interference devices
MMIs are an ideal choice for our application, since they provide a high fabrication tolerance and low insertion loss [24] . The device relies on the excitation of a set of modes inside a multimode waveguide, which propagate and interfere constructively at the imaging length, to form a self or split image at the output. This can be seen in Fig. 8 , where we display the numerical simulation of the propagation inside the multimode section for a device with two inputs and outputs. In the presented case, the upper input is excited. The device length of L = 3NL π /5, is chosen according to existing analytical solutions [25] , to produce an asymmetric splitting ratio. L π is a geometrical constant which describes the beat length of the two lowest order modes with a difference in propagation constants ∆β , and is defined as
, where W and n r are the width and effective refractive index of the multimode ridge. With N = 3 and access waveguides positioned as described in Fig. 8 , a coupling coefficient of r 2 = 0.72 is expected, which matches the design value derived in the simulation section above. Reflections at the facets of the MMI are reduced by using shallow etched access waveguides and tilting the facets of the MMI by 54 degree. The shallow waveguides introduce some coupling at the input of the MMI, which causes additional imbalance at the output through interference. From simulations, an 11 µm wide multimode section is needed to avoid this, resulting in a length of 512 µm.
The measurement of insertion loss and coupling coefficients is enabled by placing two couplers between reflective facets as displayed in Fig. 9(a) . The MMIs are fabricated in close proximity and the input for both structures is maintained the same, while the output port is varied. The ports that are not of interest for the measurement are curved and terminated, such that the light exits the coupler and does not contribute to the measured signal. For this structure the Fabry-Perot Method (Eq. (2)) can be used to measure the transmission coefficient of the MMI. The coupling coefficients r 2 and κ 2 can be directly derived from these transmission values. The uncertainty in the waveguide loss and the coupler insertion loss is removed with the following normalization:
with r 2 + k 2 = 1. T 1 and T 2 represent the measured bar and cross transmission of the coupling element. The insertion loss for both structures is displayed in Fig. 10(a) for TE where the background waveguide loss is subtracted. The solid lines represent the simulations of the corresponding port assuming a 250 nm deviation from the nominal MMI width of 11 µm. This deviation was verified using SEM cross-section images. The excellent agreement, suggests that the central wavelength of the MMI has shifted by about 40 nm, to 1510 nm. The estimated insertion loss at 1510 nm is 0.1 ±0.1 dB. The experiment has been repeated for TM, as displayed in Fig. 10(b) . The central wavelength is at 1540 nm, which agrees with the simulations as well. The corresponding coupling coefficients have been extracted from these measurements and Eq. (12) . The result for TE is shown in Fig. 10(c) together with the simulation in solid. The good agreement suggests, that r 2 =0.72 ± 0.02 is achieved at the point of minimum insertion loss. A similar result is obtained for TM, as shown in Fig. 10(d) . Consequently, the experiment suggests that the ring resonators based on this component should perform close to ideal around 1510 nm for TE and 1540 nm for TM.
Spatial modefilter
The suppression of the first order mode is of importance to avoid inter-modal interference, which causes a shift of the coupling parameters. An excitation of the first order mode can be achieved by a misalignment of the input stage with respect to the circuit waveguide [26] or irregularities in the waveguide. Consequently, according to Eq. (10), the accuracy of the measurement depends on the experimental alignment, hampering the reproducibility.
For this purpose MMIs can be designed to act as filter which spatially separate the waveguide modes. The simplest method is to use a MMI with one input and one output, as depicted in Fig.  11(a) . The length of the device is L = 3L π /4. The access sidewall of the MMI is shallow and angled at 54 degree to reduce back reflections.
As seen in Fig. 11 (a) the fundamental mode is transmitted without penalty, while the first order mode shown in Fig. 11(b) is imaged onto the MMI access sidewall. This spatial separation results in a significant insertion loss for the first order mode. The transmission of the device is simulated for a number of device widths and shown in Fig. 11(c) for the fundamental and in Fig. 11(d) for the first order mode.
From the simulations, we chose a 10 µm wide and 213 µm long device. With a suppression of 30 dB over a wide wavelength range, the device guarantees negligible deviation form the nominal coupling coefficients. The characterization of this component has been undertaken by concatenating up to 16 devices in a row. The loss is again measured by using the Fabry-Perot method (Eq. (2)). The result for TE and TM is shown in Fig. 12(b) , compared to simulations of the device with the 250 nm deviation from the nominal MMI width of 10 µm. The minimum insertion loss of the device is found to have shifted more than for the coupling element, to 1480 nm and 1520 nm for TE and TM respectively. This was not anticipated in the design, and is caused by the difference in nominal width of the two MMI elements. However, due to the larger bandwidth of this device, the modefilter will account for approximately 0.3 dB insertion loss at 1510 nm and 1540 nm for TE and TM respectively.
Optical characterization
In this section the transmission spectrum of the ring resonator based on a not p-doped shallow etched spiral is discussed. The circuit was fabricated with the MMI components as described and characterized above. Due to the large length required for a high resolution measurement, the ring geometry will have a large footprint. This can be overcome using a spiral ring resonator, as shown in Fig. 13 for a circumference of 73 mm. The outer radius of the spiral is slightly larger than 1 mm and the inner radius is approximately 0.5 mm. The number of waveguide junctions is minimized by a gradual reduction of the radius towards the center of the spiral. The total footprint of the device is 2.5 mm x 3.5 mm, mainly determined by the two inner bends. The optical ports are formed by 7 degree angled cleaved waveguide facets. The pitch of the spiral is 25 µm. Spatial modefilters are placed at the optical ports and inside the ring to avoid excitation of higher order modes. Rings with circumferences of 25 mm, 55 mm and 73 mm were fabricated.
For the characterization of the resonators, the setup depicted in Fig. 13 is chosen. A tunable laser is coupled via a collimating lense to free space. After passing through a polarizer, the collimated beam is coupled to the device via a microscope objective. A fiberized polarization controller is used to maximize the transmission through the polarizer set to TE or TM.
The FSR of the devices is expected to be in the order of a few picometer. A transmission experiment using a tunable laser in step mode thus requires a step, which is hundreds times smaller to avoid sampling errors. Therefore, the laser is operated in continuous sweep mode at a fixed tuning speed. By using a real-time oscilloscope to sample the recorded transmission signal, a high resolution is obtained. The resolution of the measurement is determined by the oscilloscope's sampling frequency of 100 kHz, and the laser sweep speed of 500 pm/s, resulting in a step size of 5 fm. The lasing wavelength was chosen as 1510 nm for TE and 1540 nm for TM, in agreement with the MMI characterization discussed above. Three rings with a circumference of 25 mm, 55 mm and 73 mm were characterized. From the transmission spectra, the FSR of the rings was found to be 8.2 pm, 11.9 pm and 24.1 pm for TE and 9.0 pm, 12.4 pm and 25.3 pm for TM polarization. The transmission spectra were separated in FSRs and each period fit to the analytical ring transmission to obtain the ER and the Q. A typical fit for the device with 73 mm circumference is given in Fig. 14(a) for TE and Fig. 14(b) for TM.
The experiment was repeated for all rings. The estimate for the insertion loss of the MMI coupler and the modefilter was 0.4 dB. The result for the ER is given in Fig. 15(a) and suggests 6-6 0 [pm] an insertion loss of 0.34 dB/cm for TE and 0.44 dB/cm for TM. This is in agreement with the results obtained from the waveguide array and is an excellent match with the simulation values in Table 1 . This result is backed up with the measurement of the quality factor as displayed in Fig. 15(b) . The fit in this case is obtained for TE with 0.39 dB/cm and 0.49 dB/cm for TM, which agrees well with the results obtained from the ER method.
The values obtained for the longest ring, suggest a record quality factor for an InP ring, suitable for fabrication of high performance angular velocity sensors [4] within an InP generic foundry process.
Conclusion
This paper describes the development of a Zn-diffusion step within a generic integration process, to restrict the absorbing p-dopant to the regions where a p-n junction is required and thus avoid dopant in transparent waveguide regions. The loss in the passive waveguides is reduced from 2 dB/cm to 0.4 dB/cm and is in excellent agreement with our simulations. The low loss was confirmed by fabrication and characterization of a spiral ring resonator with a circumference of 73 mm. A record quality factor of 1.2 million with an extinction close to 10 dB is measured in TE polarization. This value increases the state of the art by about 20% and is an important step towards generic PICs for demanding sensing applications.
